In media containing glucose, lactate stimulates the metabolism of gonococci at concentrations that simulate conditions in vivo. Nuclear magnetic resonance (NMR) spectroscopy of 13 C-labelled lipids obtained from gonococci grown in a synthetic medium with 13 C-labelled lactate and unlabelled glucose (culture A), 13 C-labelled glucose alone (culture B) or 13 C-labelled glucose and unlabelled lactate (culture C) showed lactate carbon was not present in glycerol/ethanolamine residues of lipids from culture A. This indicated that, in the presence of glucose, lactate gluconeogenesis is shut down. Hence, the stimulation of metabolism could result from the production of extra energy because lactate is used solely for conversion to acetyl-CoA, the precursor of fatty acid synthesis and the components of the tricarboxylic acid cycle. In this paper, additional evidence for lack of gluconeogenesis has been sought using a different approach. The carbohydrate moieties of lipopolysaccharide (LPS) have been examined for lactate carbon after gonococci were grown with lactate and glucose. Two methods were used: NMR spectroscopy of 13 C-labelled lipopolysaccharide purified from the three cultures described above showed that, in the presence of glucose, lactate carbon, in contrast to glucose carbon, was not in the carbohydrate moiety. Also, 14 C-labelled lactate was added to a culture containing unlabelled glucose and lactate (culture A) and [
Introduction
In media containing glucose, lactate stimulates the metabolism of gonococci: growth rate is enhanced and lipid, lipopolysaccharide (LPS) and protein synthesis are increased [1^3] . This stimulation occurs when gonococci are emerging from lag phase and it could in£uence the early primary lodgement phase of gonorrhoea because male and female mucous surfaces are covered with secretions, such as blood plasma, which contain mixtures of glucose and lactate with some pyruvate [4] . To simulate the conditions that might occur in vivo, the concentrations of glucose and lactate used in the in vitro experiments were 5 mM and either 1 mM or 10 mM respectively [1] . In blood plasma, vaginal £uid and ejaculate the concentrations of glucose and lactate are respectively about 4.5 mM and 1.5 mM, 3.3 mM and 6.3 mM, and 0.4 mM and 4.0 mM [1, 4] . The increased amounts of LPS could contribute to invasion of urethral epithelial cells [5] , and after sialylation by host-derived cytidine 5P-monophospho-Nacetyl neuraminic acid (CMP-NANA) would inhibit gonococcal killing by serum or phagocytes [6] . Pathogenicity would also be increased by greater production of protein virulence determinants such as porin 1B, that inactivates phagocytes [7] and GroEL, that stimulates in£ammatory cytokines [8] .
Recently, a clue to the mechanism of the lactate e¡ect was revealed [3, 4] . In the absence of glucose, lactate is converted to pyruvate by gonococci and used both for gluconeogenesis and production of acetyl-CoA, the precursor of fatty acid synthesis and intermediates of the tricarboxylic acid (TCA) cycle. However, when glucose is present, gluconeogenesis appears to be shut down.
Nuclear magnetic resonance (NMR) spectra of the lipids extracted from gonococci that had been grown in a synthetic medium with: A, [
13 C]lactate and unlabelled glucose; B, [
13 C]glucose alone; and C, [ 13 C]glucose with unlabelled lactate all showed fatty acid signals but, in contrast to samples B and C, lipid sample A did not show signals for the ethanolamine and glycerol residues [3] . The latter are products of gluconeogenesis.
Thus, it appears that in the presence of glucose, lactate is used solely for rapid production of acetyl-CoA. Extra NADH would be derived from this and from the subsequent TCA cycle and the stimulation of metabolism results from increased available energy.
This lack of gluconeogenesis, leading to metabolic stimulation, could be an important aspect of gonococcal pathogenesis in vivo, where both lactate and glucose are present. It was therefore essential to demonstrate the lack of gluconeogenesis by other means. We chose to examine whether or not lactate carbon was incorporated into the carbohydrate portion of LPS when gonococci are grown with lactate in the presence of glucose. First, we examined LPS from the three cultures described above for the absence of lactate carbon in the carbohydrate portion of the sample from culture A and the presence of glucose carbon in the carbohydrate moieties of the samples from cultures B and C. In addition, 14 C-labelled lactate was added to a culture containing unlabelled glucose and lactate (culture A) and [
14 C]glucose to cultures containing unlabelled glucose without (culture B) and with (culture C) unlabelled lactate. The gonococci were separated, extracted and hydrazinolysis of their LPS [9] allowed a comparison of the three samples for the radiolabelled carbon contents of their carbohydrate and fatty acid moieties.
Materials and methods

Bacterial strain and medium
Neisseria gonorrhoeae [strain BS4(agar)], the de¢ned medium and preparation of inocula were as described [3] . 14 C]glucose was added to 400 ml of de¢ned medium containing 5 mM unlabelled glucose (culture B); and 400 ml of de¢ned medium containing 5 mM unlabelled glucose and 1 mM unlabelled lactate (culture C). The £asks were incubated at 37 ‡C for 6 h (gonococcal counts by Helber chamber : A, 6.4U10 9 ml 31 ; B, 5.7U10 9 ml 31 ; and C, 4.0U10 9 ml 31 ) and the gonococci harvested, solubilised and treated with proteinase K as described [3] for cultures containing either sodium [ 13 C]lactate or [ 13 C]glucose. The gonococci were completely solubilised and the solutions (each 18 ml: equivalent to: A, 256U10 10 ; B, 228U10 10 ; and C, 160U10 10 gonococci) were stored at 4 ‡C.
Electrophoresis of LPS samples on Nu^polyacrylamide gel electrophoresis (PAGE) bis-Tris gels
Nu^PAGE bis-Tris gels (10%) were obtained from Invitrogen. The gels were run in 2-(N-morpholino)ethanesulfonic acid^sodium dodecyl sulphate (MES^SDS) bu¡er (as per manufacturer's instructions) at pH 7.25 and then stained with silver [1] . An LPS marker (gonococcal LPS puri¢ed as described [10] and supplied by T. Regan) was employed to indicate the position of the LPS components.
Scintillation counting
Samples were added to 2 ml of scintillation £uid (optiphase Hi-safe 3; Wallac) and counted for 10 min in a Wallac WinSpectral 1414 liquid scintillation counter. Results were expressed as number of decompositions per min (dpm).
Puri¢cation of 13 C-labelled LPS for NMR spectroscopy
This was based on the method of Johnson and Perry [10] . The 13 C-labelled solubilised gonococci from cultures A, B and C (see above) were dialysed (2 kDa nominal cut o¡, 1 l water, ¢ve changes) and freeze dried. The residues were repeatedly extracted with chloroform (5U2 ml) to remove free lipids. They were then suspended in water (10 ml) and extracted twice with 90% w/v phenol (2 ml) at room temperature for 15 min. The water layers were dialysed against repeated changes of water until the odour of phenol had disappeared. They were then freeze dried; yields were 56, 40 and 65 mg for A, B and C respectively.
When small amounts were dissolved in aqueous SDS (1% w/v) and separated by electrophoresis on 10% NuP AGE bis-Tris gels, all three samples showed only silverstained bands corresponding to those of LPS (Fig. 1 ).
Solution of 13 C-labelled LPS in SDS and 13 C NMR spectroscopy
Samples of puri¢ed LPS (A, 18 mg; B, 19 mg; C, 14 mg) were dissolved in 0.7 ml of D 2 O containing SDS (1% w/v).
13 C NMR spectra were recorded at 31 ‡C on a Brucker AMX-400 instrument equipped with a 5 mm probe under standard Brucker software conditions with a 10 s delay and proton decoupling. Chemical shift values (ppm) of the signals were recorded down¢eld of trimethylsilane as external standard. The numbers of scans were 77 000, 109 000 and 106 000 for samples A, B and C, respectively.
Puri¢cation of 14 C-labelled LPS
The volumes of the three preparations (A, B and C) of solubilised proteinase K-treated, 14 C-labelled gonococci described above were adjusted so that 10 Wl of each corresponded to ca. 10 9 gonococci. This volume was then loaded onto each of ¢ve lanes of a 10% Nu^PAGE bisTris gel. After electrophoresis, the outer lanes were cut out and stained with silver, thereby locating the position of the LPS components by reference to the LPS marker. The parts of the gels corresponding to the position of the LPS were excised from the inner three lanes that were neither ¢xed nor stained. These portions were macerated in the presence of aqueous SDS (1% w/v, adjusted to pH 8 with NaHCO 3 , 18 h, 20 ‡C, 2 ml), ¢ltered and lyophilised. The dried material was washed with chloroform (3U1 ml) to remove possible contaminating lipids. One twentieth of the material from each of the three samples was scintillation counted; they showed: A, 124; B, 131; and C, 140 dpm compared with a control (a blank area of the gel similarly extracted) of 16 dpm. To check their purity, small amounts were run on a 10% Nu^PAGE bis-Tris gel with a sample containing gonococcal LPS (Fig. 2) .
Hydrazinolysis of 14 C-labelled LPS
The freeze dried LPS separated as described above from gonococci of cultures A, B and C was suspended in 5 ml hydrazine hydrate (Aldrich), vortexed (5 min) and heated (18 h, 105 ‡C). After cooling, the hydrazine was removed under reduced pressure and the residue freeze dried. The latter was extracted with chloroform (3U1 ml) and then with water (3U1 ml). The water extract was freeze dried and redissolved in 1 ml of water. Samples (8% of the 3 ml total for chloroform and 75% of the 1 ml total for water) were scintillation counted. The counts (dpm) for the whole of the extracts were then calculated.
Thin layer chromatography (TLC) of products from hydrazinolysis of 14 C-labelled LPS
Samples (4U5 Wl) of the chloroform and water extracts 
Results
NMR spectroscopy of LPS from gonococci grown with [ 13 C]lactate or [ 13 C]glucose
To obtain NMR spectra of the LPS samples, SDS (1% w/v) had to be used as solvent. Several other possible methods of dissolving LPS, e.g. 1% w/v triethylamine, were examined but proved unsatisfactory. The 13 C NMR spectrum of SDS (Fig. 3) shows signals between 15 and 40 ppm chemical shift, i.e. the same as CH 3 and CH 2 signals from fatty acids of gonococcal lipids (see ¢g. 4 of [3] ). Hence, the spectra of the LPS samples could only be interpreted in relation to signals from the carbohydrate moieties. These occur between 60 and 90 ppm chemical shift [11] and there is only one signal from SDS (72 ppm chemical shift) in this area. Fig. 3 , upper panel shows the spectrum of LPS from gonococci grown in de¢ned medium containing [
13 C]-lactate and unlabelled glucose: there are only weak signals in the expected range for carbohydrate signals (60^96 ppm). In contrast, the carbohydrate signals at 62^68, 80^85 and 90^96 ppm are clearly evident in Fig. 3 , middle panel, the spectrum of LPS of gonococci grown in de¢ned medium containing [
13 C]glucose; and in Fig. 3 , lower panel, the spectrum of the LPS of gonococci grown in de¢ned medium containing [ 13 C]glucose and unlabelled lactate. There are no other relevant di¡erences between the three spectra. The radiolabelled LPS samples from the three cultures (A, B and C) were subjected to hydrazinolysis followed by chloroform and then water extraction of the product. The extracts were separated by TLC. The fact that the chloroform extracts contained hydrazides of fatty acids was shown by the migration of the material derived from all three cultures just behind the solvent (chloroform/methanol, 25/4, v/v) front (Fig. 4a) . The absence of carbohydrate material in the chloroform extracts was indicated by the absence of any charring at the origin of the thin layer chromatograms (Fig. 4a) . In contrast, for the water extracts on TLC, using the same solvent as for the chloroform extracts, only traces of material that charred migrated with the solvent front whereas there was marked charring of material at the origin (Fig. 4b) , consistent with a predominantly carbohydrate content. Table 1 shows the radioactivities of the chloroform and water extracts obtained after hydrazinolysis. For the LPS obtained from gonococci grown in de¢ned medium containing glucose and sodium lactate with added sodium [ 14 C]lactate (sample A), the radioactivity of the water extract was very much lower than that of the chloroform extract. This was in contrast to the corresponding ¢gures for the LPS from gonococci grown in de¢ned medium with [
14 C]glucose plus either glucose (sample B) or glucose plus lactate (sample C). Clearly, in the presence of glucose, lactate carbon is incorporated predominantly into fatty acids. The LPS obtained from solubilised gonococci (A, 1.4; B, 1.3; C, 0.9U10 9 ) was subjected to hydrazinolysis and aqueous (carbohydrate moieties) and chloroform (fatty acid hydrazides) extracts were separated as described in Section 2. These results are one of similar duplicate experiments. a Total dpm in both fractions.
Discussion
First, it should be stressed that in the 13 C-and 14 Clabelling experiments the gonococci were grown in media containing 5 mM glucose and 1 mM lactate to simulate the conditions that might occur in vivo (see Section 1). Both these experiments showed that, in the presence of glucose, gonococci do not incorporate signi¢cant amounts of lactate carbon into the sugars of the carbohydrate moieties of LPS. Despite some noise in the spectra of samples A and B (Fig. 3) , it is quite clear that the spectrum of sample A (obtained from gonococci grown with [ 13 C]lactate in the presence of unlabelled glucose) does not exhibit signals between 60 and 96 ppm chemical shift. These are characteristic of the carbohydrate moiety [11] and are prominent in the spectra of samples B and C obtained respectively from gonococci grown with [
13 C]-glucose alone or with unlabelled lactate. In the 14 C-labelling experiments, TLC showed that hydrazinolysis splits LPS into carbohydrate moieties (water fraction) and fatty acids (chloroform fraction). The radioactivity of the water fraction compared with that of the chloroform fraction indicated that little of the lactate carbon was incorporated into the carbohydrate moieties (Table 1) .
No conclusions regarding incorporation of lactate or glucose carbon into the fatty acids of LPS can be drawn from the 13 C-labelling experiments because the signals from SDS (needed to solubilise the LPS), obscure those arising from the lipid portion of LPS. However, in the 14 C-labelling experiments, the much smaller ratio of the radioactivity in the water extract compared with the chloroform extract from sample A, compared with the high ratios for samples B and C, clearly show that lactate carbon is incorporated predominantly into the fatty acids of LPS. In contrast glucose carbon was found in substantial amounts in both water (carbohydrate) and chloroform (fatty acid) fractions. The fact that the ratio of radioactivity in the carbohydrate moieties to that in the fatty acid hydrazides for the LPS of gonococci grown with [ 14 C]glucose and glucose alone (sample B) was smaller than the ratio for LPS of gonococci grown with [
14 C]-glucose and glucose plus lactate (sample C) is consistent with lactate carbon (unlabelled) being incorporated preferentially in sample C into fatty acids. This e¡ectively dilutes the incorporation of labels (as compared with sample B) derived from glucose, in the fatty acid.
Clearly, lactate gluconeogenesis is shut down in the presence of glucose and this results in a stimulation of metabolism. The latter will be important in pathogenesis in the early stages of gonorrhoea, when gonococci are surrounded by a mixture of glucose and lactate.
